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The shape effect of the blocks comprising a dry-stone masonry retaining wall under seismic loading was investigated through centrifuge model
tests and numerical simulations using the three-dimensional discrete element method. Variations in block shape, namely, cubic-shaped and
wedge-shaped, were compared. For both the physical experiments and the numerical simulations, seismic resistivity was higher in the wall of
wedge-shaped blocks than in the wall of cuboid blocks, although the total mass was larger for the wall of cuboid blocks. Therefore, a detailed
investigation was performed by the discrete element model to explore the mechanism of the shape effect. We found that the surface area, which
contributes to the frictional resistance between each stone block and the backﬁll, is the key parameter to mobilizing the anti-seismic strength of a
dry-stone masonry retaining wall.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Dry-stone masonry retaining walls represent a traditional form of
construction which can be found all over the world, i.e., in Asia,
Africa, North and Latin America, Europe and Australia (Colas
et al., 2008). Such walls are composed of a lot of stones interlocked
with each other without mortar. Though their structures are very
simple, they have been shown to have sufﬁcient ﬂexibility and
durability to withstand several major earthquakes over the years.
These dry-stone walls also have the advantage of having a low
environmental impact and being economically efﬁcient. However,
there is still a lack of theoretical knowledge about dry-stone10.1016/j.sandf.2014.11.007
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der responsibility of The Japanese Geotechnical Society.construction. For this reason, despite the increase in interest in dry-
stone construction in recent years, it is difﬁcult to encourage new
construction projects from a scientiﬁc viewpoint. It is important,
therefore, to investigate the detailed behavior of masonry walls and
to give a mechanical explanation for the stability of the walls.
The stability of a stone wall depends on several factors,
including its material properties, the backﬁll conditions, the
block arrangement and the block shapes. To clarify this
complex mechanism, researchers have employed various
approaches, such as centrifuge model experiments (Yoshida
et al., 2007, 2009), real-scale tests (Yamamoto et al., 2010),
the continuum numerical model (Dewoolkar et al., 2009; Colas
et al., 2010), the discontinuous numerical model (Claxton
et al., 2008; Kamai and Hatzor, 2008; Yoshida et al., 2007)
and the homogenization theory (Mathieu et al., 2012).
Although such works have produced many results, theElsevier B.V. All rights reserved.
Fig. 1. Pictures of the centrifuge model: (a) centrifuge earth tank. (b) Model
conﬁguration in the centrifuge earth tank in the case of the wedge
shaped block.
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the wall has not been well discussed due to the difﬁculty in
taking quantitative measurements. There are some early efforts
using numerical simulations that include the effect of the block
shape of the masonry structure in two dimensions (Kamai and
Hatzor, 2008; Colas et al., 2008) and in three dimensions
(Furukawa et al., 2012). However, the shape effect of the
blocks on the deformation behavior of the wall still has not
been sufﬁciently discussed both from either an experimental or
numerical standpoint.
To overcome this difﬁculty, we ﬁrst performed centrifuge
model tests on the blocks of a castle wall to investigate its
overall behavior under seismic loads using two differently
shaped blocks, one cubic-shaped and the other wedge-shaped.
Then, we conducted a numerical simulation to mimic the
centrifuge model tests for a detailed analysis using the three-
dimensional discrete element method (DEM). The advantage of
DEM as a numerical tool is its capability to simulate large
deformations, which is difﬁcult to do with a continuum-based
model such as FEM. In fact, a lot of application examples (Chen
et al., 2014; Cai et al., 2014; Wang and Yan, 2012) report the
effectiveness of the discrete element modeling for the geotech-
nical engineering problems with large displacement and fracture.
In both the centrifuge experiments and the numerical model,
the failure mode of the wall greatly differed between the two
cases. The toppling type of deformation occurred in the cuboid
blocks, while a swelling-like type of deformation occurred in
the wedge-shaped blocks. In addition, the overall resistivity
against seismic loading was found to be higher in the wedge-
shaped blocks than in the cuboid blocks. Such trends obtained
from the simulation agree well with those obtained from the
experiments. These results indicate that it is important to take
the shape of the blocks into account when designing masonry
structures from the perspective of discontinuous mechanics.
Then, we investigated how each individual block shape
contributes to the stability of the masonry wall.
The present paper is organized as follows. In Section 2, we
ﬁrst highlight the centrifuge model tests and the obtained
experimental results. Details of the simulation models are
given in Section 3, while the results and a discussion are given
in Section 4. A summary is presented in Section 5.
2. Centrifuge model test
2.1. Experimental method
Several centrifuge model tests were performed at a scale of
1:33 with different block shapes for the masonry wall using the
centrifuge facility at Shimizu Institute of Technology (Yoshida
et al., 2007, 2009). Herein, two experiments are discussed; one
is the case of the cuboid-shaped blocks and the other is the
case of the wedge-shaped blocks. Our study refers to an actual
masonry construction found in Tokyo Imperial Palace: that is,
we have modeled the masonry wall located at the Nakano-mon
Gate, with cubic-shaped blocks, and Yamazato-mon Gate with
wedge-shaped blocks. The sizes of the model were determined
by the scaling laws (Taylor, 1995) in accordance with thecentrifuge acceleration of 33g, for which g is the magnitude of
gravitational acceleration. Thus, the stone blocks and cobble
stones used in the experiment are about one-thirty third the size
of the real scale. The height of the wall used in the model
experiment is also reproduced by referring to the actual
masonry construction, and we have determined that the height
of the wall is composed of the ﬁve blocks. On the other hand,
the width of the wall was determined only to make it sufﬁcient
to evaluate the three dimensional deformation through pre-
liminary experiments, and then the aspect ratio of the wall was
ﬁxed for simplicity. Photographs and sketches of the conﬁg-
urations of the centrifuge model are shown in Figs. 1 and 2. In
Fig. 2, the system size in the equivalent full-scale ﬁeld
situation is presented in addition to that in the experimental
model.
The centrifuge earth tank, shown in Fig. 1(a), is 796 mm in
width, 440 mm in depth and 500 mm in height. The directions of
Fig. 2. Sketches of model conﬁguration for cuboid-shaped stones and wedge-
shape stones. (a) Side view of models. (b) Front view of conﬁgurations of
stone blocks. (c) Sizes of stone blocks.
Fig. 3. Snapshots of model experiment at initial state and at collapsing state.
(a) Cuboid blocks. (b) Wedge-shaped blocks.
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tank, the centrifuge model consists of stone blocks, cobble stones
for the backﬁll and surrounding soils, as shown in Figs. 1(b) and
2(a). Such wall structures are commonly found in Japanese castles
(Tanaka et al., 1998). Each stone block is made of granite. The area
behind the pile of stones is ﬁlled with coarse aggregates which are
smaller than 10 mm in size. It should be noted here that, in
traditional method of construction of the Japanese castle, the layer
of the cobble stones are artiﬁcially-compacted densely in a careful
manner (Tanaka et al., 1998). Therefore, in the model experiment,
these coarse aggregates for modeling the cobble stones are also
compacted densely. The internal friction angle of the backﬁll is
more than 401 in a laboratory test. Since the size of the coarse
aggregate is much larger than that of the sand particle, the shear
strength of the former one seems to be larger than that of the latter
one in the same void ratio. Then, the area of the surrounding soils
is ﬁlled with Toyoura sand whose particle size distribution has an
average particle diameter of D50¼0.2 mm, and is compacted
densely. The side walls of the tank are made of acrylic so that the
inside of the container will be visible.
The arrangement of the stone blocks from the front view in
the depth direction is depicted in Fig. 2(b). In the cuboid case,
as illustrated in Fig. 2(b) and (c), two different sizes of
blocks were employed and the masonry wall was composedof 25 blocks. Twenty large blocks were used and 5 small blocks.
In the wedge-shaped case, on the other hand, the 45 blocks were
of uniform size.
It should be noted here that the detailed displacement of each
stone block during the centrifuge tests was not observed in this
study. This is because it was difﬁcult to equip measurement
devices inside the model when large deformation and the failure
of the wall were the main objects of this investigation.
In the preliminary experiments, in order to ﬁnd the threshold
value for the amplitude of the seismic wave just breaking the
wall, triangular impulses of 0.5 s with a frequency of 60 Hz
(i.e., about 2 Hz at 1g) and with 30 waves were applied
by gradually increasing the wave amplitude from 2000 gal
(i.e., about 60 gal at 1g). As a result of the repeated experiments,
it was conﬁrmed that the threshold value in the case of the
cuboid block was 6000 gal (i.e., about 200 gal at 1g) and that in
the case of the wedge-shaped block was 11,000 gal (i.e., about
370 gal at 1g). Thus, triangular acceleration impulses with the
above amplitudes were applied repeatedly to the masonry wall
until failure was reached.2.2. Experimental result
In both cases, the wall reached failure in the middle of the
third seismic acceleration. This indicates that the masonry
structure of the wedge-shaped blocks is stronger than that of
the cuboid blocks. In fact, in a separate experiment, the wall
Y. Fukumoto et al. / Soils and Foundations 54 (2014) 1117–11261120with the wedge-shaped blocks was able to withstand three
times the seismic load of 6000 gal which led to collapse in the
case of the cuboid blocks.
Furthermore, the failure modes of the walls differed comp-
letely from each other, as illustrated in Fig. 3, which shows
snapshots of the initial state and the collapsing state of the
walls viewed from directly above. This collapsing state occurs
in the middle of the third seismic acceleration. In the case of
the cuboid blocks, it is observed that each separate block
moves as one under seismic loads, that is, which results in
toppling failure. A cross-section view of this failure mode,
observed through the acrylic board, is depicted in Fig. 4(a).
In the case of the wedge-shaped blocks, on the other hand, a
notablydifferent failure mode was observed in both the height
and width directions. Unlike the case of the cuboid blocks, the
stone blocks did not move as one, but the displacements of the
blocks positioned on the second step from the top exceed that
of the blocks positioned on the other steps in the height
direction. The feature of this failure mode, from a lateral view,
is illustrated in Fig. 4(b). Additionally, an arch-shaped con-
ﬁguration was observed in the width direction and large
deformation occurred in the middle.
During the tests, the deformation of the surrounding soils
was very small and contributed little to the collapse of the wall.
In other words, the failure of the wall was mainly due to the
interaction between the stone blocks and the backﬁll. In fact,
this trend has also been reported in ﬁeld research (Murakami
et al., 2012), where the stone walls of castles in Japan,
damaged by a large earthquake, were investigated, and the
causes of the collapse of the wall were discussed.
As described above, two major differences between the
cuboid case and the wedge-shaped case have been obtained.
First, the stability of the wall comprised of the wedge-shaped
blocks is higher than that of the wall comprised of the cuboid
blocks. Second, toppling deformation occurs in the wall of
cuboid blocks, while swelling-like deformation occurs in the
wall of wedge-shaped blocks.3. Discrete element simulation
A numerical simulation to mimic the centrifuge tests was
performed in order to investigate the shape effect of the blocksFig. 4. Sketches of deformation mode observed through acrylic board in model
tests. (a) Cuboid blocks. (b) Wedge-shaped blocks.at each individual block scale to quantitatively understand the
ﬁndings of the experiments. For the numerical approach, we
chose the discrete element method to reproduce the behavior of
the inner discrete structures with large deformation observed in
the centrifuge model tests, since this behavior is difﬁcult to
reproduce by continuum approaches such as the ﬁnite element
method.
We performed this numerical study using our in-house code
based on the conventional DEM. In the DEM, the translational
and rotational motion of a discrete particle p are dictated by the
following momentum equations:
mp €up ¼mpgþ f p ð1Þ
Ip €θp ¼Mp ð2Þ
where up and θp are the translational and rotational displace-
ment vectors, mp is the particle mass, Ip is the particle moment
of inertia, g is the gravitational acceleration vector, fp refers to
the resultant interparticle force at the contacts and Mp is the
resultant moment around the center of the mass of a particle.
A superposed dot indicates the time derivative. A contact force
fp is calculated by the linear-based contact law in this study,
i.e., the contact springs are assumed to be linear and kn/kt¼4
(kn¼1.0 108 N/m, kt¼2.5 107 N/m), where kn is the nor-
mal spring constant and kt is the shear spring constant,
respectively. The values for the normal and the tangential
viscous damping, for inhibiting the numerical oscillation, are
determined to be small enough so as not to make a signiﬁcant
contribution of total energy dissipation to the granular system.
3.1. Stone blocks
The stone blocks comprising the masonry wall were modeled
by the clumping of spherical particles (e.g. Itasca Particle Flow
Code, 2005) to form cuboids and wedges, as illustrated in
Fig. 5. In our model, regardless of the forces acting upon them,
the blocks will not break apart. Each of these clumped particles
acts as a rigid body. Thus, the translational and rotational
equations of motion for block b are described as follows:
mb €ub ¼mbgþ ∑
Np
p ¼ 1
ð~f pþ f pÞ ð3Þ
Ib €θb ¼ ∑
Np
p ¼ 1
ð ~MpþðxpxbÞ  f pþMpÞ ð4Þ
where ub and θb are the translational and rotational displacement
vectors, respectively, mb is the clump particle mass, Ib is the
clump particle moment of inertia, Np is the number of particles
comprising the block, fp is the externally applied force vector
acting on particle p, Mp is the externally applied moment acting
on particle p, and xp and xb are the centroid position vectors of
particle p and block b, respectively. The moment of inertia Ib at
each time step is updated by the quaternion method (Pöschel
and Schwager, 2004).
The large cuboid blocks are composed of 706 particles, the
small cuboid blocks are composed of 386 particles and the
wedge-shaped blocks are composed of 290 particles. The size
Fig. 6. 3D numerical model of cobble stones. (a) Single particle. (b) Pair of
particles.
Fig. 5. 3D numerical model of stone blocks. (a) Small and large cuboid blocks.
(b) Wedge-shaped block.
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that in the model experiments, which corresponds to the scale
factor of the centrifuge tests. The density of the stone blocks is
2650 kg/m3. The friction coefﬁcient between the stone blocks
is 0.6 (see Kasa et al., 2008).3.2. Cobble stones
The cobble stones for the backﬁll are modeled by mixing
single spherical particles with two rigidly connected particles
(see Fig. 6(a) and (b)) so that the interlocking effect due to the
shape of the cobble stones can be reproduced. In this paper, we
call these connected particles “pair particles” and the normal
spherical particle a “single particle”. The pair particles are
also modeled by the clumped spherical particles. The motion
of the pair particles is calculated in the same manner as
Eqs. (3) and (4).
In our previous research, using the direct shear simulation of
granular assemblies, we showed that the internal friction angle
of the specimen is increased by increasing the ratio of the pair
particles (Yoshida, 2005). The ratio of the pair particles εpair is
deﬁned as follows:
εpair ¼
Npair
Nsingle
ð5Þ
where Npair is the number of pair particles and Nsingle is the
number of single particles. Through the introduction of pair
particles, the internal friction angle can be obtained within the
range of geotechnical engineering interest (more than 301)
(Utili and Nova, 2008).The particles for the cobble stones have a particle size
distribution of Dmax/Dmin¼2, Dmax¼0.30 m and Dmin¼0.15 m.
The density of the cobble stones and the friction coefﬁcient
between the cobble stones are the same as for the stone blocks.3.3. Surrounding soil
The deformation of the surrounding soils in the model tests
was very small and contributed little to the collapse of the wall,
as described in Section 2. Therefore, for the sake of simplicity,
a ﬁxed plane boundary was substituted for the surrounding
soils. The surrounding soils were assumed to have enough
strength so as not to deform by the seismic loads during the
numerical tests. This simple modeling has the advantages of
being able to reduce the number of particles used in the simu-
lation and requiring lower computational costs. The friction
coefﬁcient of the soil boundary between the Toyoura sand and
the stone blocks or the cobble stones is 0.5 (see Katagiri et al.,
2010).3.4. Computational model setup
In the ﬁrst process of the computational model setup, the
arranged stone blocks were ﬁxed and the spherical particles
were generated in an area behind the stone wall. In this
generation process, the position of each particle was chosen
randomly one by one and placed one by one in such a way that
there was no overlapping with the particles which were already
in place. A total of 15,000 particles was used for the layer of
cobble stones.
After specimen generation, the material properties were set
for all particles and the simulations were performed by
dropping the particles into the bottom of a container under
gravity. The values for the inter-particle friction coefﬁcients
during packing, μpack, were in the range of 0.0 to 0.6. By using
different values for μpack different packing conditions can be
obtained (Fukumoto et al., 2013) for the parametric seismic
analysis. This packing process was continued until the void
Fig. 7. 3D discrete element model of masonry structure at initial state. (a)
Cuboid block. (b) Wedge-shaped block.
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with a time step of 1.0 106 s.
At the end of the packing process, some contacts between
single particles were chosen randomly and pair particles were
generated with arbitrary values for εpair in the range of 0.0 to
3.0. After the generation of the pair particles, the stone blocks
were permitted to move freely. The simulation model setup
was over when the granular system reached a steady state. We
judge this state by the same criterion as that used in the
packing process. The void ratio at this state is deﬁned as εvoid.
Fig. 7(a) and (b) shows the initial states of the simulation
model of the masonry structure in the case of the cuboid blocks
and the wedge-shaped blocks, respectively.
The value for the sliding friction of the side walls made of
acrylic was 0.25. All of the walls, including the soil bound-
aries, were ﬁxed, and did not move throughout the simulation.
3.5. Seismic analysis
By using the experimental results, the same seismic waves,
which were converted from the value at 33g to the value at 1g,
were applied to the simulation model. That is, triangular
acceleration impulses of 15 s with a frequency of 2 Hz, 30
waves and 200 gal, were used in the case of the cuboid blocks,
while impulses with a frequency of 2 Hz, 30 waves and
370 gal were used in the case of the wedge-shaped blocks.
These seismic loads were repeatedly entered into the masonry
system until the wall reached failure. In this seismic analysis,
various values for εpair and εvoid were chosen in order to ﬁnd a
suitable condition for the backﬁll.
4. Results and discussion
The parametric seismic analysis indicated that εpair¼2.5 and
εvoid¼0.75 are suitable parameters in that they resulted in a
good correlation with the centrifuge model tests in regard to
the amount of seismic loads until failure. In both cases, when
these parameters were employed, the wall reached failure in
the middle of the third seismic acceleration in the same manner
as in the centrifuge tests.
Here, when smaller values for εpair and εvoid were employed,
earlier failure occured in both cases. On the other hand, when
larger values for the parameters of the backﬁll were used, the
wall was capable of resisting three times the seismic loads in
both cases. Therefore, the strength of the backﬁll can be
controlled by varying the values for εpair and εvoid.
To assess the strength of the backﬁll with these parameters,
separate direct shear simulations were conducted to obtain the
internal friction angle. According to the simulations, the
internal friction angle was about 401. This strength value
was appropriate for the backﬁll ﬁlled with coarse aggregates
(Yamada et al., 2006). Note that further results with a variation
in εpair and εvoid are not discussed in detail here because the
main focus of this paper is to compare the experiments and the
simulations from the perspective of the effects of the block
shape. Only the case where εpair¼2.5 and εvoid¼0.75 is
addressed in the following discussion.Therefore, when the appropriate backﬁll condition were
chosen, the discrete element simulations proved a quantitative
correspondence with the centrifuge model tests with respect to
the amount of seismic loads until failure. Moreover, in terms of
the seismic stability and the failure mode resulting from the
block shape, there was also a close numerical agreement with
the experimental results, as will be described in the following
subsections.
4.1. Strength of structures
The wall made of wedge-shaped blocks withstood larger
seismic loads than the wall made of cuboid blocks. This is the
same as the results of the model experiment. This trend for the
strength of the structure due to the block shape was observed
in other parameters of the backﬁll εpair and εvoid.
Here, in the case of the cuboid blocks, the total mass of the
wall was 1.2 105 kg and the surface area contacting the
backﬁll was 4.5 10 m2. On the other hand, in the case of
the wedge-shaped blocks, the total mass of the wall was
9.9 104 kg and the surface area contacting the backﬁll was
1.23 102 m2. In other words, although the total mass of
the wall of the wedge-shaped blocks was smaller than that of
Y. Fukumoto et al. / Soils and Foundations 54 (2014) 1117–1126 1123the wall of the cuboid blocks, the surface area contacting the
backﬁll of the former one was larger. The surface area
contacting the backﬁll per unit mass was 3.75 104 m2/kg
for the cuboid case and 1.24 103 m2/kg for the wedge-
shaped case. The value for the wedge-shaped case was three
times larger than that for the cuboid case. This feature is in
common with geosynthetic reinforced soil (GRS) retaining
walls with geogrids (Miyata and Bathurst, 2012; Chen et al.,
2014), which show high stability by means of generating high
friction with the backﬁll. Therefore, it can be assumed that the
difference in stability comes from the difference in the
formation of the friction generation between the stone blocks
and the backﬁll.
4.2. Deformation mode
Fig. 8 shows the masonry walls in a state of collapse in the
case of the cuboid block and the wedge-shaped block. In this
ﬁgure, the snapshot for the former case is at the time of 30 s
and that for the latter case is at the time of 40 s. Comparing the
two snapshots, it is apparent that the failure modes differedFig. 8. 3D discrete element model of masonry structure in state of collapse. (a)
Cuboid block at time of 30 s. (b) Wedge-shaped block at time of 40 s.considerably. With the cuboid blocks, all of the blocks
comprising the wall moved as one and large rotational
deformation is observed. On the other hand, with the wedge-
shaped block, a large swelling-like deformation occurs.
The failure modes viewed from directly above are shown in
Fig. 9, where the displacement of the particles of the backﬁll,
colored in blue, is more than a half the maximum displace-
ment. In the case of the cuboid blocks, when observed as
viewed from above, it is also clear that the stone blocks moved
as one. In the case of the wedge-shaped blocks, the displace-
ments of the blocks positioned at the second step from the top
exceeded that of the blocks positioned at other steps in the
height direction. Additionally, in the width direction, an arch-
shaped conﬁguration was observed; that is, the large deforma-
tion of the stone blocks occurred in the middle. Both snapshots
obtained from the simulation are qualitatively in agreement
with the failure mode in the model experiment, as illustrated in
Fig. 3.
Furthermore, from Fig. 9, the distribution of cobble particles
with large displacements also differed between the two cases.
In the cuboid case, cobble stones with large displacements
were uniformly distributed in the width direction. In the
wedge-shaped case, on the other hand, the area of the large
deformation of the backﬁll was concentrated in the middle of
the width. These distributions correspond to the positions of
the stone blocks with large displacements. Therefore, it is
thought that the difference in the deformation of the wall was
caused by the difference in the deformation of the backﬁll.
Fig. 10 shows the cross-section views in a state of collapse.
These cross-sectional surfaces in the ﬁgure are cut off in
y¼4.5 m and y¼8.5 m of the width direction. The particles of
the backﬁll, colored in blue, indicate the same meaning as that
in Fig. 9. It can be clearly seen in Fig. 10(a) that toppling
failure occurs in the case of the cuboid block. In addition, from
this ﬁgure, a slipped region and settlement of the upper right
area of the backﬁll were re-observed both for y¼4.5 m and
y¼8.5 m. The settlement of the backﬁll associated with theFig. 9. Snapshots of simulation viewed from directly above at initial state and
at collapsing state. The displacement of the particles of the backﬁll, colored in
blue, is more than a half of the maximum displacement. (a) Cuboid block at
30 s. (b) Wedge-shaped block at 40 s.
Fig. 10. Snapshots of simulation from lateral view at initial state and at
collapsing state. The displacement of the particles of the backﬁll, colored in
blue, is more than a half of the maximum displacement. (a) Cuboid block at
30 s. (b) Wedged-shape block at 40 s.
Fig. 11. Evolution of residual horizontal displacement of each stone block as
function of elapsed time in cuboid case. (a) Stones positioned at middle in
width. (b) Stones positioned at wall vicinity.
Y. Fukumoto et al. / Soils and Foundations 54 (2014) 1117–11261124deformation of the masonry wall has also been reported in real-
scale tests with a shaking table (Yamamoto et al., 2010).
On the other hand, as shown in Fig. 10(b), a different failure
mode was observed in the case of the wedge-shaped block.
The feature of this failure mode is that the middle blocks in the
height direction exhibit an excessive amount of deformation.
Settlement of the upper right area of the backﬁll is also observed
in the wedge-shaped case. However, unlike the cuboid case,
there were more cobble stones with large displacement in
y¼4.5 m than that in y¼8.5 m. Considering both Figs. 9(b)
and 10(b), the deformation mode of the backﬁll differed due to
the position of the cross-sectional surface.
The evolution of the residual horizontal displacement of each
stone block, as a function of elapsed time (from 5 s to 30 s) in the
cuboid case, is shown in Fig. 11. The ﬁve blocks of the middle row
in the width direction are plotted in Fig. 11(a), and the ﬁve blocks
against the side wall in the width direction are plotted in Fig. 11(b).
A comparison of Fig. 11(a) and (b) indicates that the magnitude oftoppling is not different from the positions in the width direction.
The displacement of the blocks is roughly proportional to the
height. Furthermore, both of the ﬁgures indicate that the deforma-
tion mode of the cuboid case is unchanged with elapsed time
during the seismic analysis.
On the other hand, the evolution of residual horizontal
displacement (from 5 s to 40 s) in the wedge-shaped case is
illustrated in Fig. 12. Just the same as in Fig. 11, both of the
displacements of the middle row and the wall vicinity row in
the width direction are shown. From this ﬁgure, the horizontal
displacement of the blocks positioned at the second and third
steps from the top are larger than the other three blocks in the
height direction. That is, large deformation occurs at about the
middle of the wall height. Additionally, the differences in
displacements in the height direction increase with increases in
elapsed time. This trend is observed in both Fig. 12(a) and (b).
Fig. 12. Evolution of residual horizontal displacement of each stone block as
function of elapsed time in wedge-shaped case. (a) Stones positioned at middle
in width. (b) Stones positioned at wall vicinity.
Fig. 13. Three-dimensional plot of residual horizontal displacement of each
stone block. (a) Cuboid block at 30 s. (b) Wedge-shaped block at 40 s.
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value for the residual displacement of the blocks in the middle
row is larger than that of the blocks along the wall. This
suggests that a large amount of deformation occurs in the
middle of the width direction in the wedge-shaped case. This
obtained numerical data corresponds to the arch-shaped con-
ﬁguration obtained in the model experiment, as shown in
Fig. 3(b). This deformation mode including the width direction
is characteristic of the three dimensions and cannot be obtained
by a two-dimensional simulation.
Finally, in order to easily compare the deformation mode,
3-D plots of the residual displacement for each case are shown
in Fig. 13(a) and (b). The displacement of the cuboid blocks is
at the time of 30 s and that of the wedge-shaped blocks is at
the time of 40 s. From the ﬁgures, the three-dimensional diffe-
rence in the deformation mode obtained in the experiment is
conﬁrmed numerically. It is validated from our discrete elementapproach that the shape of the blocks comprising the wall has a
great inﬂuence on the deformation behavior of the wall.
5. Conclusion
We have investigated the shape effect of the blocks
comprising a dry-stone masonry retaining wall under seismic
loading; one was a wall comprised of cubic-shaped blocks and
the other was a wall comprised of wedge-shaped blocks. The
detailed mechanisms of the seismic resistant behavior were
investigated through discrete element modeling, which was
able to successfully reproduce the overall behavior of masonry
structures found in the physical experiments.
For both the physical experiments and the numerical
simulations, the seismic resistivity was found to be higher in
the wall of wedge-shaped blocks than in the wall of cuboid
blocks, although the total mass was larger for the wall of
cuboid blocks. This was due to the effect of the surface area
contacting the backﬁll per unit mass. It can be assumed that the
difference in stability is due to the difference in the formation
of friction generation between the stone blocks and the
backﬁll.
The two walls were found to have very different deforma-
tion modes; toppling deformation occurred in the cuboid
Y. Fukumoto et al. / Soils and Foundations 54 (2014) 1117–11261126blocks, while swelling-like deformation occurred in the wedge-
shaped blocks. In addition, the deformation mode of the
backﬁll behind the stone wall was also different in each case.
In particular, in the wedge-shaped case, the deformation of
both the wall and the backﬁll is characteristic of three
dimensions, that is, large deformation is concentrated in the
middle of the width direction. Such deformation modes cannot
be reproduced by a two-dimensional simulation.
From these results, it can be concluded that when masonry
structures are simulated and designed, it is important to take
account of the shape of the blocks from the perspective of
discontinuous mechanics. Furthermore, it is necessary to
consider three-dimensional deformation so that a quantitative
prediction of the seismic behavior can be achieved. It should
be noted here that these conclusions are based on limited
conditions; that is, the size and the aspect ratio of the retaining
wall were ﬁxed in this study. More qualitative modeling for the
masonry system is to be investigated under different conditions
in future work.References
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